The specific binding of ligands by proteins and the coupling of this process to conformational changes 15 are fundamental to protein function. We designed a fluorescence-based single-molecule assay and data 16 analysis procedure that allows the simultaneous real-time observation of ligand binding and 17 conformational changes in FeuA. The substrate-binding protein FeuA binds the ligand ferri-18 bacillibactin and delivers it to the ABC importer FeuBC, which is involved in iron uptake in bacteria.
INTRODUCTION

43
The non-covalent and specific interactions between ligands and proteins underlies almost all biological 44 processes. The coupling of these binding events to conformational changes allows proteins to act as 45 highly efficient enzymes, signal transducers, motors, switches or pumps 1 . Two basic models that 46 describe the coupling between protein conformational changes and ligand binding are the induced-fit 2 47 and conformational selection mechanism 3 . These mechanisms represent the two limiting pathways on 4 leading to opening and closing of the protein 20 . This apparently simple binary conformational switch, 84 which is involved in molecular recognition, is investigated in this paper to obtain insight into the 85 relation between ligand-interactions and the coupling to protein conformational changes.
86
MATERIALS AND METHODS
87
Gene isolation, protein expression and purification 88 The feuA gene (Uniprot: P40409) was isolated by PCR from the genome of Bacillus subtilis subsp. 89 subtilis str. 168. The primers were designed to exclude the signal peptide (amino acids 1-19), and 90 cysteine 20 (which is probably post-translationally lipidated) with NdeI/HindIII restriction sites.
91
Primers are indicated in Table S1 . The generated PCR fragment was A-tailed and ligated into the 92 PGEM-T Easy Vector System (Promega) 21 . After removing the NdeI restriction site internal to the 93 feuA gene by a silent mutation, the gene was sub-cloned in the pET20b vector (Merck) using the 94 NdeI/HindIII sites. Protein derivatives including the cysteine and the silent mutation were constructed 95 using QuickChange mutagenesis 22 . All sequences were checked for correctness by sequencing. 
where • and • are the donor and acceptor count rates when the donor is excited and belong to 184 , and • is the acceptor quantum yield. Let us now consider how the distance ratio ( 1 2 ⁄ ) 6 can be 185 estimated from the data. We use the following notation: • represents the measured count rate of Y 186 emission upon X excitation belonging to . • is corrected for spectral crosstalk and background.
187
We can assume that the relaxation times of the excited states of the fluorophores are short compared to 188 the time between two consecutively detected photons, so that there is no correlation between 189 consecutive photons and the distribution of • can be approximated by a Poisson distribution 26 .
190
Then,
191
(
where , and denote the number of observations, is an unbiased and consistent estimator for
193
( 1 2 ⁄ ) 6 . The sum in equation (7) 
239
RESULTS
240
Direct observation of binding and unbinding of ligand
241
To investigate ligand binding of FeuA at the single-molecule level we labelled FeuA with the 242 fluorophore Alexa647 in one of its subdomains, by introducing a single cysteine residue at a non-243 conserved position, which is solvent-exposed and distant from the binding pocket (Q112C; Fig. 2a ).
244
First, we determined the emission spectra of FeuA-Alexa647 and free Alexa647 in the presence and 245 absence of FeBB. We observed that only the fluorescence intensity of FeuA-Alexa647 was quenched 246 in the presence of 5 µM FeBB (Fig. 2b ). Since no quenching was observed for free Alexa647 ( indicating that single molecules are examined ( Fig. 2d) . Only in the presence of FeBB we observed 253 stochastic switching between two intensity levels ( Fig. 2d) 
268
2a). The relationship between FRET efficiency and interprobe distance requires free fluorophore 269 rotation, which was verified by steady-state anisotropy measurements (Table S2) .
270
We used confocal microscopy with alternating laser excitation (ALEX) 23 to explore the 271 conformational states of individual freely diffusing proteins ( Fig. 3a) . During its diffusional transit 272 through the excitation volume of a confocal microscope, the labelled protein generates short 273 fluorescent bursts, allowing the determination of the apparent FRET efficiency and the stoichiometry S 274 (see Materials and Methods section for details). To retrieve interprobe distances, the apparent FRET 275 efficiency was corrected for background and spectral crosstalk to obtain the proximity ratio EPR. In our 276 assays, changes in the apparent FRET efficiency and EPR can originate from interprobe distance 277 changes, but also due to quenching of the fluorophores by binding of FeBB ( Fig. 3b) . Finally, S relates 278 the total fluorescence recorded after donor excitation in the green and red detection channel to the total 279 fluorescence after direct donor and acceptor excitation in each detection channel.
280
The EPR and S values of many individual proteins were acquired in the absence or presence of 281 saturating concentrations of FeBB (100 µM) ( Fig. 3c-d) . By separating donor-acceptor labelled 282 proteins from the donor-and acceptor-only labelled proteins based on the S range, a EPR histogram 283 was constructed (Fig. 3e) . The EPR histogram of ligand-free FeuA is unimodal and well fitted by a 284 single Gaussian distribution. In the presence of 100 µM FeBB, two populations of donor-acceptor 285 labelled proteins are observed and are centered around different EPR and S values ( Fig. 3d-e ). FRET 286 analysis of surface-tethered proteins in the presence of 100 µM FeBB, reveals that FeuA does not 287 switch between these FRET states, i.e., fluorescence trajectories are obtained in either FRET state, 288 with no switching between them (Fig. 3f) . The cysteine positions in the crystal structure have distinct 289 distances to the ligand binding site. Therefore, the two FRET states most likely arise due to the 290 different donor and acceptor labelling orientations. This is expected from stochastic labelling of two 291 different cysteine positions whichcauses differences in fluorophore quenching by FeBB and thus 292 differences in EPR and S values. Indeed, analysis of individual acceptor-and donor-only labelled 293 proteins shows that the quenching is position and fluorophore dependent ( Fig. 4) .
To correct the FRET efficiencies for fluorophore quenching, we related the populations in Fig.   295 3d to its corresponding labelling orientation. The low S value of the high FRET population in Fig. 3d 296 (orange population) implies that the quenching of the donor is more prominent than that of the 297 acceptor. To quantify the quenching we prepared and studied all four single cysteine mutants also used 298 in our FRET assays (Fig. 4) . The quenching behavior seen in Fig. 3b was observed when Q112C was 299 labelled with a donor and I255C with an acceptor (Fig. 4a-b) . The largely unaltered S value of the low 300 FRET population in Fig. 3d (red population) suggests that donor and acceptor quenching is similar and 301 was observed to occur when the labelling orientation is reversed, i.e., Q112C is labelled with an 302 acceptor and I255C with a donor ( Fig. 4c-d ).
303
To evaluate whether ligand binding conformational changes in FeuA are coupled, we 304 developed an analysis scheme that describes the influence of (i) donor and acceptor quenching (by acceptor fluorescence intensity in the free and ligand-bound state ( Fig. 4b, d) . All values used for the 316 distance ratio estimation are provided in Table 1 . Finally, by using equation (10), we find that the 317 distance ratio ⁄ , when Q112C is labelled with donor and I255C with acceptor, is estimated to be 318 0.90 ± 0.01 (95% confidence interval (CI)) and remains the same (0.91 ± 0.01) when the labelling orientation is revered (Table 1) . These values are in good agreement with those calculated from the 320 crystal structures of ligand-free and FeBB-bound FeuA 20 that predict a 86% reduction in Cα-Cα 321 distance between the residues Q112 and I255. 
340
Consistent with the solution-based smFRET measurements ( Fig. 3c) 
366
With this in mind we determined the lifetime of the ligand-bound state at varying FeBB 367 concentrations. We observed that the lifetime of this state was largely concentration independent 368 (P=0.63, one-way ANOVA) and has an average lifetime of 9.0 ± 0.2 s (mean ± s.e.m.; Fig. 6c-d; Fig. 369 S1b). Interestingly, the ligand-bound closed conformation is 250-fold longer lived that the intrinsic 370 closed state (9.0 ± 0.2 s versus 37 ± 9 ms).
372
Ligand are recognized and bound via an induced-fit mechanism mechanism ( Fig. 1) . We expect that when the intrinsic closed conformation binds the ligand, the 376 ligand binding frequency would be limited by the intrinsic closing frequency (~1.6 min -1 ). So we 377 determined the lifetimes of the ligand-free states at varying FeBB concentrations ( Fig. 6d; Fig. S1a , 378 c). We observed that the binding/closing frequency increases linearly with FeBB concentration and is 379 already 7.8 ± 0.2 min -1 (mean ± s.e.m.) for the lowest concentration measured (10 nM FeBB) ( Fig.   380 6d). Thus ligand binding occurs at a faster rate than the intrinsic closing rate. These data are consistent 381 with ligand-binding occurring via an induced-fit mechanism. In addition, in traces recorded at higher 382 excitation intensity, as a way to increase the time resolution from 100 to 5 ms, shows no substantial
383
FRET changes prior to binding of the ligand, e.g. it reveals the absence of intrinsic closing before the 384 ligand binds (Fig. 6e) . induced-fit ( Fig. 6f) .
390
Open conformation in complex with ligand is extremely short-lived
391
An essential intermediate state of the induced-fit mechanism is the open-liganded state (Fig. 1) . Based properties of FeuA (Fig. 8) .
413
The binding process can most easily be treated within the context of Gibbs ensembles. The 414 grand partition function Ω( , ) of a single protein-ligand system as shown in Fig. 8 is
where is ( ) −1 , is the Boltzmann constant, is the absolute temperature, is the free energy 
420
The probability that the protein is in the intrinsic closed conformation is
where ∆ = − is the ligand-free protein conformational free energy. From the fraction of time 422 spend in the intrinsic closed conformation in the absence of ligand (Fig. 5) , we find that ( ; = 0) 423 is 10 -3 so ∆ = 7 .
424
In the presence of ligand, the fraction of proteins occupying a ligand is given by
By treating as an ideal ligand solution and − ≫ − (see also below) we find that equation Here is the dissociation constant as determined in our study equal to
where Λ = ( − 0 ) − is the protein-ligand interaction free energy of the closed conformation.
429
We found that FeuA binds FeBB with a of 20 nM so Λ = −25 . 
462
Traditionally the ligand binding process of (monomeric) proteins can be described by different 463 mechanisms, such as the lock-and-key, induced-fit or a conformational selection mechanism. In the 464 classical lock-and-key mechanism no conformational change occur, while in the induced-fit 465 mechanism, ligand interactions induce a conformational change. In the conformational selection 466 mechanism the intrinsic closed conformation would bind the ligand and shift the equilibrium towards 467 closed state. Here, we demonstrate that ligand recognition occurs via an induced-fit mechanism by
468
showing that the open conformation, rather than the intrinsically closed conformation, binds the ligand 469 ( Fig. 6) . We argue that the conformational landscape provides the required directionality for the 470 induced-fit mechanism. If ligand-binding was to use a conformational selection mechanism, a 471 substantial amount of thermal energy (∆ = 7 ) would be required to form the ligand-competent, 472 intrinsic closed conformation, rendering the process highly inefficient (Fig. 8) . The induced-fit mechanism would be more efficient, as no thermodynamically unfavorable intermediate states need to 474 be formed during the binding process ( > −10 , < −8 ; Fig. 8 ). Fig. 5; Fig. 7) . We speculate that once the open-liganded state is 497 formed, direct ligand interactions pull the domains together, resulting in an acceleration of the closing 498 transition compared to when the ligand is absent.
499
The ligand does not only accelerate closing, it also temporally stabilizes the conformation by a 500 factor of 250 ( Fig. 5; Fig. 6d ). Some insight into this temporal stabilization can be obtained from the 
522
As a final comment, we note that our data analysis approach to derive the distance ratio of two 523 (conformational) states with altered quantum yield of donor/acceptor dye could also be applied for 524 situations where FRET is changed due to protein-induced fluorescence enhancement (PIFE) 41-43 . The 525 approach suggested here is particularly attractive for PIFE, since the distance ratio is independent of 526 the donor quantum yield, and thus Cy3, which is the most popular dye for PIFE, could be used in a 527 straightforward fashion without additional knowledge of its quantum yield (changes).
CONCLUSION
529
We designed a single-molecule assay and data analysis procedure to probe the FeuA conformational 
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Schematic of induced-fit mechanism. Number of analysed molecules in Table S3 . 
11
Supplementary Text 15
The donor and acceptor fluorophore distance ratio of two states, denoted by 1 and 2 , satisfies (see 16
Materials and Methods section for the full derivation): 17
where • and • are the (background-and spectral crosstalk-corrected) donor and acceptor count 18 rates when the donor is excited and belong to . • is the acceptor quantum yield. Equation (S1) 19 holds when the refractive index of the medium, the dipole orientation factor  2 , the molar extinction 20 coefficient of the acceptor and the normalized donor emission spectra are the same for state 1 and 2. 21
Here, we will consider how the distance ratio ( 1 2 ⁄ ) 6 can be estimated from the data. We use 22 the following notation: • represents the measured count rate of Y emission (Acceptor, Donor) upon 23 X excitation (Acceptor, Donor) belonging to .
• is corrected for spectral crosstalk and 24 background. In the derivation below we assume that the relaxation times of the excited states of the 25 fluorophores are short compared to the time between two consecutively detected photons, so that there 26 is no correlation between consecutive photons and the distribution of • can be approximated by a 27
Poisson distribution with parameter • 1 . Then, 28
where , and denote the number of observations, is an unbiased and consistent estimator for 30
( 1 2 ⁄ ) 6 . The sum in equation (S3) extends over all observations, i.e. the total number of traces or time-bins as described in the main text. Noteworthy, in the absence of additional fluorophore 32 quenching we have 1• = 2• so that 33
and can be estimated from the data by using the estimator 34
Estimation of the interprobe distance ratio does not require the determination of or the Föster radius 35 0 . Below we will focus on the more general scenario as given by equation (S1) and (S2) and note that 36 the results also apply to the more specific case as given by equation (S4) and (S5). 37
First, we will show that ( 1 2 ⁄ ) 6 is an unbiased estimator for ( 1 2 ⁄ ) 6 so [( 1 2 ⁄ ) 6 ] = 38 (S10)
The count rate • is the product of the probabilities that (i) the acceptor is excited by the laser 48 ( ), (ii) the acceptor decays to its ground state by emitting a photon ( • ) and (iii) the emitted 49 photon is detected ( ) 2 , thus, 50 • = • (S11) By using equation (S10) and (S11) we have 51 and shows that ( 1 2 ⁄ ) 6 is an unbiased estimator for ( 1 2 ⁄ ) 6 . 54
If the random variables ⋯ are independent, then it can be shown that 55
(S15)
where Var( ) is the variance of . The terms in the product of equation (S2) are independent so by 56 using equation (S15) we find that 57 
By combining equation (S7), (S16) and (S17) we obtain, 60 To show that ( 1 2 ⁄ ) 6 is a consistent estimator, we need to show that ( 1 2 ⁄ ) 6 converges in 61 probability to ( 1 2 ⁄ ) 6 . We define = { , , }, where ( 1 2 ⁄ ) 6 depends implicitly on . We should 62 proof that for any > 0 it holds that, 63 lim →∞ (|( 1 2 ⁄ ) 6 − ( 1 2 ⁄ ) 6 | > ) = 0 (S19)
where → ∞ should be understood as → ∞, → ∞ and → ∞. By using Chebyshev's inequality 64 and the fact that [( 1 2 ⁄ ) 6 ] = ( 1 2 ⁄ ) 6 we can obtain an upper bound for (|( 1 2 ⁄ ) 6 − 65
( 1 2 ⁄ ) 6 | > ), 66 (|( 1 2 ⁄ ) 6 − ( 1 2 ⁄ ) 6 | > ) ≤ Var(( 1 2 ⁄ ) 6 ) 2 (S20)
From equation (S18) it follows that 67 lim →∞ Var(( 1 2 ⁄ ) 6 ) = 0 (S21) thereby proving that for any > 0 equation (S19) holds. In conclusion, ( 1 2 ⁄ ) 6 is an unbiased and 68 consistent estimator for ( 1 2 ⁄ ) 6 . 69 
